Abstract. Analysis using Universal exPress Codes (UPCs) with the public microarray database GEO indicates significantly higher mRNA expressions of VEGF-A, bFGF, and bFGFR2 in pancreatic cancers than those in normal pancreatic tissues. Human pancreatic cancer cell line CFPAC-1 and SNU-213 had relatively differential sensitivity to exogenous VEGF-A, bFGF, and TGF-β1 in migration property. Treatment of quercetin-3-O-glucoside suppressed the migratory activity induced by TGF-β and VEGF-A even at relatively low dosages in CFPAC-1, but not in bFGF-activated SNU-213 cells. However, high dosages of quercetin-3-O-glucoside sufficiently suppressed the migratory activity induced by bFGF in SNU-213 cells. Furthermore, co-treatment with low dose of gemcitabine plus quercetin-3-O-glucoside showed synergistic inhibition effects on the infiltrate activity induced by bFGF in CFPAC-1 and SNU-213 cells. These results collectively suggested that quercetin-3-O glucoside could act as an inhibitor of local metastasis induced by various growth factors in pancreatic cancers and be an effective adjuvant to boost chemotherapeutic efficacy of gemcitabine, currently used in pancreatic cancers.
Introduction
In recent years, an increasing consumption of specific fruit and vegetables containing flavonoids is recognized as the source of health-benefits through their various biochemical properties such as potential anti-carcinogenic and cardioprotective roles (1) (2) (3) . Ingestion of plant flavonoids is related with decreased risk of various tumors. Several flavonoids are investigated as possible mechanisms of anti-proliferation, anti-MMP secretion, anti-migration, anti-invasion, anti-adhesion, and anti-angiogenic effects (4) (5) (6) (7) (8) . Some flavonoids are also suggested as potential pro-apoptosis inducers in various cancer cell lines (9, 10) . Clearly, plants containing various flavonoids are the source of potential therapeutic agents for the benefit of human health.
Pancreatic adenocarcinoma and ductal-adenocarcinoma, the most common, and deadly forms of human pancreatic cancers, are highly invasive and metastatic and associated with poor survival rates (11, 12) . Migratory activity makes pancreatic cancer therapies difficult with dismal diagnosis and strong chemo-resistance (13, 14) . Therefore, new agents inhibiting migratory activity of pancreatic adenocarcinoma and ductal-adenocarcinoma are urgently required.
We have previously shown that treatment with quercetin 3-O-glucoside clearly inhibits the migratory activity of pancreatic cancer cells even at relatively low dosages by inhibiting the EGFR signaling pathway (15) .
Even though targeting the specific pathway, i.e., EGFR signaling has proven effective in human cancers (16, 17) , tumors could escape one-direction blockade strategy using alternative signaling pathways (18) (19) (20) . This competence of tumors allowed us to exploit the additive role of quercetin 3-O-glucoside and its therapeutic potential against various growth factors.
In the present study, we tried to investigate the effects of quercetin-O-3 glucoside on the migratory activity induced by various growth factors in pancreatic cancer cell, and reveal the mechanisms responsible for anti-migratory effects of quercetin-O-3 glucoside. In addition, we also tried to verify its therapeutic potential using combination therapy with gemcitabine treatment. Our results support that quercetin-3-O glucoside can act as an inhibitor of local metastasis induced by different growth factors in pancreatic cancers and could be an effective adjuvant in chemotherapy.
Materials and methods
Gene expression analysis. Microarray expression profiles were obtained from the Gene Expression Omnibus (GEO) public microarray database. We integrated data-sets independently obtained from several research groups using the absolute normalization method SCAN.UPC (21) . The normalization method is dependent on total number of probes; hence, we Quercetin-3-O-glucoside suppresses pancreatic cancer cell migration induced by tumor-deteriorated growth factors in vitro restricted the integration to Affymetrix Human Genome U133 Plus 2.0 Array platform (GPL570) that has a larger number of probes than GPL96 and GPL97. All data were normalized by the default option of SCAN.UPC. In total, 8 data-sets were used i.e., GSE9599, -15471, -16515, -17891, -32676, -39409, -42952, and -46385.
Cell culture and reagents. CFPAC-1, pancreatic ductal adenocarcinoma cells were purchased from the American Type Culture Collection (ATCC; Manassa, VA, USA), and SNU-213, pancreatic adenocarcinoma cells were obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM, CFPAC-1) or RPMI-1640 (SNU-213) medium supplemented with 10% fetal bovine serum (Gibco-BRL, Gaithersburg, MD, USA), and 1x10 5 U/l penicillin-100 mg/l streptomycin (Invitrogen, Carlsbad, CA, USA) at 37˚C in a humidified atmosphere containing 5% CO 2 . Antibodies against phospho-FAK (Y397), FAK, phospho-ERK (T202/ Y204), ERK, and GAPDH were obtained from Cell Signaling Technology (Beverly, MA, USA). Suramin sodium, inhibitor of bFGF signaling pathway was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Quercetin-3-O glucoside and gemcitabine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant bFGF, VEGF-A, and TGF-β1 were purchased from R&D Systems (Minneapolis, MN, USA).
Migration assay. Cell migration assays were performed as previously described (15) . In brief, polycarbonate filters were pre-coated with 10 mg/l fibronectin (Sigma-Aldrich) in phosphate-buffered saline (PBS), for 30 min at room temperature. The lower chamber was filled with 500 µl of cultured medium containing 10% serum. After a 24-h starvation in serum-free medium, cells (5x10 4 cells/well) were suspended in 200 µl serum-free medium and loaded into each upper chamber. Cells were then incubated for 4 h at 37˚C. Filters were fixed with 4% paraformaldehyde and stained with 1% crystal violet solution. The absorbance of the eluted dye was measured at 560 nm in an ELISA reader (Bio-Rad, Richmond, CA, USA).
Western blotting. Western blotting was performed as previously described to evaluate phosphorylation of various molecules (22) . The bands were measured by densitometry using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Data are presented as means ± standard deviation (SD). The level of significance for comparisons between two independent samples was determined using Student's t-tests. Groups were compared using a one-way analysis of variance (ANOVA) with Tukey's post-hoc test for significant main effects (SPSS 12.0K for Windows; SPSS Inc., Chicago, IL, USA).
Results

Expression levels of various growth factors in human pancreatic cancers.
To select manifested-signaling pathways in human pancreatic cancer cells (HPCCs), we performed mRNA analysis using Universal Express Codes (UPCs) with the public microarray database GEO. Pancreatic cancers expressed significantly more bFGF and VEGF-A mRNAs, as compared with normal pancreatic tissues. Specifically, pancreatic cancers expressed particularly higher levels of bFGF, as compared with the normal pancreatic samples. In contrast, there was no significant difference in TGF-β1 expression levels between pancreatic cancers and normal pancreatic samples (Fig. 1A) . The receptors of VEGF-A, bFGF, and TGF-β1 expression profiles were also examined using the public microarray database GEO. As shown Fig. 1B, FGFR2 expression level was elevated in pancreatic cancer samples. However, FLT-1, TGF-βR1, and TGF-βR2 expression levels were similar in both pancreatic cancer samples and normal pancreatic tissues. Interestingly, the expression level of FLK-1 was significantly lower in pancreatic cancer samples, as compared with normal pancreatic tissues. These results clearly showed that pancreatic cancers has different expression patterns of growth factors and its receptors including unique expression patterns of bFGF signaling-related molecules, bFGF and FGFR2.
Treatment of quercetin-3-O glucoside decreased the migratory activity induced by different growth factors in human pancreatic cancer cells.
Human pancreatic cancer cells (SNU-213 and CFPAC-1) were exogenously treated with bFGF, TGF-β1, and VEGF-A under the absence or presence of relatively low dosages of quercetin-3-O glucoside to investigate the anti-migratory effects of quercetin-3-O glucoside against exogenous activations. In SNU-213 cells, TGF-β1 or VEGF-A-induced migration was inhibited by quercetin 3-O-glucoside even at low dosages (50 and 100 nM); the same treatment caused a weak effect in bFGF-treated SNU-213 cells ( Fig. 2A) . In contrast, there was a significant inhibitory effect in bFGF-induced migration in CFPAC-1 cells (Fig. 2B) . Interestingly, exogenous TGF-β1 and VEGF-A treatment did not induce migration activity in CFPAC-1 cells.
We next investigated the involvement of bFGF signaling pathway using the pharmaceutical bFGF blocker, suramine sodium, on SNU-213 cell migration. As shown Fig. 3 , bFGF treatment-induced cell migration was dose-dependently inhibited by suramine pre-treatment. Moreover, co-treatment of suramine and quercetin-3-O glucoside significantly decreased the bFGF-induced migration (suramine; 100 nM, quercetin-3-O glucoside; 100 nM).
Different modes of quercetin-3-O glucoside treatment for anti-migratory effect in human pancreatic cancer cells.
bFGF-treated SNU-213 cells were assayed for migration activity in the presence of various concentration of quercetin 3-O-glucoside (0, 100, 500, 1,000, 10,000, and 100,000 nM) to investigate the strategy of the effective blockade of bFGF-induced migration in SNU-213 cells. Treatment of quercetin-3-O-glucoside significantly decreased bFGF-induced migration of SNU-213 cells up to 35%, as compared with that in exogenously bEGF-treated control cells in a dose-dependent manner (Fig. 4) .
We further evaluated whether treatment of quercetin 3-O-glucoside can have synergistic anti-migratory effect when combined with gemcitabine, a currently used reagent in pancreatic cancer therapy. At the highest concentration tested (1,000 nM), gemcitabine alone significantly reduced (Fig. 5A) . We chose the 10 nM concentration of gemcitabine for a combinatory-strategy. SNU-213 and CFPAC-1 cells were incubated in the absence or presence of gemcitabine (10 nM) with different doses of quercetin 3-O-glucoside (0, 50, and 100 nM) and bFGF (50 µg/l). As shown in Fig. 5B , the SNU-213 cell migration was significantly reduced up to 22% by 100 nM quercetin 3-O-glucoside treatment. Under the same conditions, CFPAC-1 cell migration was also reduced up to 15% (Fig. 5C) . These results collectively demonstrated that high dosage treatment of quercetin3-O glucoside or low dosage co-treatment of quercetin3-O glucoside with gemcitabine show effective anti-migratory effects in bFGF activated human pancreatic cancer cells.
Treatment of quercetin 3-O-glucoside inhibits bFGF-induced migratory activity through the blockade of ERK1/2 signaling pathway in human pancreatic cancer cells.
The migration inhibitory effects induced by quercetin 3-O-glucoside in bFGF activated human pancreatic cancer cells were evaluated in the study of bFGF signaling pathway with effective dose of quercetin 3-O-glucoside. Exogenous bFGF treatment activated the phosphorylation levels of FAK and ERK1/2; while pretreatments of quercetin 3-O-glucoside significantly decreased phosphorylation level of FAK and ERK1/2 (Fig. 6A) . In addition, co-treatments of quercetin3-O glucoside and gemcitabine significantly inhibited FAK phosphorylation, as compared with quercetin3-O glucoside or gemcitabine single treatment in bFGF activated human pancreatic cancer cells (Fig. 6B) . These results suggested that combination therapy of quercetin3-O glucoside and gemcitabine induces synergistic anti-migratory effects in bFGF activated human pancreatic cancer cells through the blockade of FAK and ERK1/2 signaling pathway.
Discussion
In the present study, we demonstrated that pancreatic cancers have relatively high mRNA expression patterns of various growth factors and its receptor such as VEGF-A, bFGF, and FGFR2, as compared to normal pancreatic samples using the public microarray database GEO. Furthermore, quercetin-3-O-glucoside can effectively inhibit human pancreatic cancer cells migration induced by various growth factors such as VEGF-A, bFGF, and TGF-β. We further showed that co-treatment of quercetin-3-O-glucoside with gemcitabine had a synergic effect to suppress the migratory activity in human pancreatic cancer cells through the inhibition of FAK and ERK1/2 signaling pathway. These results suggested that the naturally-occurring antioxidant, quercetin 3-O-glucoside, might be a cancer cell migratory inhibitor and could be used in adjuvant therapy.
Multiple phenotypes are caused by reciprocal interactions of various growth factors and its receptors in most cancers including pancreatic cancers. We have previously reported that quercetin 3-O-glucoside effectively inhibits the EGF-induced migratory activity of human pancreatic cancer cells by inhibiting the EGFR signaling pathway (15) . Even though targeting the EGFR signaling pathway has been proven effective in human cancers (16, 17) , some tumors could escape the one way blockade strategy using alternative signaling pathways (18) (19) (20) . In the present study, human pancreatic cancer cells thus had a differential dependency to various growth factor activations such as VEGF, bFGF, and TGF-β and treatment of quercetin-3-O-glucoside also had a differential migratory-inhibition effects in SNU-213 and CFPAC-1 cells (23) . Especially, exogenous bFGF treatment resulted in different responses to quercetin-3-O-glucoside Figure 6 . Intracellular signaling in response to treatment of quercetin-3-O glucoside and co-treatment with gemcitabine. (A) Left, SNU-213 cells were pretreated with different doses of quercetin-3-O-glucoside for 1 h followed by treatment with exogenous bFGF (50 µg/l) for 30 min and the cell lysates were subjected to western blot analysis using antibodies specific to phosphor FAK (Y397), FAK, phosphor-ERK1/2 (T202/Y204), ERK1/2, and GAPDH. Right, relative pixel intensity for p-FAK and p-ERK was measured using p-FAK/GAPDH or p-ERK2/GAPDH (B) Left, SNU-213 cells pre-incubated with quercetin-3-O-glucoside alone or quercetin-3-O-glucoside and gemcitabine combined, were treated with 50 µg/l of exogenous bFGF for 30 min and the cell lysates were subjected to western blot analysis using antibodies specific to phosphor FAK (Y397), FAK, and GAPDH. Right, relative pixel intensity for p-FAK was measured using p-FAK/GAPDH. between SNU-213 and CFPAC-1 cells. Previous studies have shown that enhanced bFGF expression is correlated with pancreatic cancer stages in vitro and in vivo, resistance to chemotherapy, and selection of cancer targeting candidates (24) (25) (26) (27) (28) . In agreement with these studies, our results suggested that elevated bFGF signaling leads to an increased chemoresistance in SNU-213 cells. As proof-of-concept, mRNA analysis correctly identified different responses to various growth factors. Therefore, to overcome the resistance to quercetin-3-O-glucoside treatment, we demonstrated the strategy for blockade of bFGF-induced migration using relatively high-dose treatments within the safe range of quercetin-3-O-glucoside and co-treatment of quercetin 3-O-glucoside and suramine with reducing the potential risk of side-effect in SNU-213 cells. Treatment with low dosages of suramine seems to sensitize the responses to relatively low dosages of quercetin 3-O-glucoside. Further detailed experiments are needed to confirm these findings.
Subsequently, quercetin-3-O-glucoside showed a synergic anti-migratory effect with relatively low dosage of gemcitabine. To date, gemcitabine is still regarded as the standard treatment for pancreatic cancer patients despite its controversial effects. Combinational trials with gemcitabin and cytotoxic reagents, i.e., 5-FU, cisplatin, oxaloplatin, and capectabine (29) (30) (31) (32) and biological reagents, i.e., erlotinib, cetuximab, and bevacizumab (33-35) have been reported. Some of those treatments had effective outcomes; however, none of the combination trials were significantly more effective, as compared with gemcitabin alone.
Despite the significant improvement in overall survival rates in other cancers during the last few decades, the prognosis of pancreatic cancers is unfortunately at a standstill (36, 37) , with an almost 100% mortality in pancreatic cancer patients. The dismal prognosis in pancreatic cancer is mainly due to its high metastatic potential, the difficulty of diagnosis, and its high chemo-resistance (38) . Clearly, most pancreatic cancer patients are entirely disadvantaged from the most commonly used gemcitabine through the chemo-resistance and metastatic behavior (39) .
According to the present study, quercetin-3-O-glucoside can act as the inhibitor of local metastasis induced by various growth factors in pancreatic cancers and is the effective co-treatment with gemcitabine for intractable pancreatic cancer treatment, despite its phytochemical origin in intractable pancreatic cancer cells.
